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Neutron activation analysisAbstract The determination of mineral compositions of Japanese green tea leaves was carried out
using a combination of PGA (neutron-induced prompt gamma-ray analysis) and INAA (instrumen-
tal neutron activation analysis). Due to the nondestructive, multi-element analytical capability and
minimal sample preparation, these techniques can easily be used to determine a wide range of ele-
mental contents (from 7.4% of H to 7.1 ng/g of Sc) in tea leaves. The extraction efﬁciencies of the
elements in tea infusion were evaluated by comparing average elemental concentrations of the tea
leaves before and after infusion, which show that Cl (93%), Br (80%), K (71%), Rb (66%), Cs
(60%), Na (59%) and Co (51%) are highly extracted, whereas Fe (9%), La (7%) and Mn (5%)
are poorly extracted by a 6 min hot water infusion process. Although K has a high content in green
tea leaves with high extraction efﬁciency, as much as seven cups (250 mL each cup) of green tea
infusion need to be consumed to get a source of 10% daily value of this mineral.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Tea is one of the most consumed beverages in the world. The
chemical components of tea leaves and their infusions have
received great interest because of their relation to health
and disease (Cooper, 2012; Stagg and Millin, 1975; Coriat
and Gillard, 1986). In Japan, the consumption of green tea
is very high as compared with oolong and red teas. Green
tea contains powerful antioxidants, such as Vitamin E and
catechins, which can destroy free radicals (Sang et al.,
2002). The elemental contents in tea leaves may depend on
several factors such as geographical location where the plant
is cultivated, fertilizer, industrialization process and storage
condition. Tea contains 4–9% of inorganic matter, about
one third of which is extracted during the brewing process
Figure 1 Production areas of the tea leaves analyzed in this
study are shown in map of Japan. Nos. 3, 4, 5 and 6 represent the
production areas of the tea samples Okukuji, Shizuoka, Uji and
Yame, respectively.
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of tea depends on the amount of minerals present in the ori-
ginal tea leaves as well as the solubility of the elements and
the time allowed for the infusion process. Tea, in general,
contains micronutrients such as Mg, K, S, Mn, and Zn that
are essential minerals for human health. For instance, K is an
important electrolyte that plays an important role in main-
taining normal blood pressure and in transmitting nerve im-
pulses to muscles (Sheng, 2000). Manganese and Zn
participate in numerous metabolic and physiological pro-
cesses (Leach and Harris, 1997; Cousins, 1996). Magnesium
also plays an important role in the structure and the function
of the human body and is involved in numerous metabolic
reactions (Shils, 1999). Boron and S are beneﬁcial elements
for human health (Nielsen, 1993), because S is a part of the
amino acid. However, substantial amounts of boron and
many simple sulfur derivates, such as sulfur dioxide (SO2)
and hydrogen sulﬁde, are toxic to human health (Lenntech,
2011). The relatively high concentration of Al in tea has also
been the subject of some concern, for example, in its relation
to Alzheimer’s disease (McLachlan, 1995). Therefore, it is
very important to determine the elemental compositions,
especially, mineral contents of teas that are widely consumed.
The most commonly used analytical methods to measure
the elemental composition of teas and infusions are based on
the principle of optical spectrometry (Odegard and Lund,
1997; Matsuura et al., 2001; Gallaher et al., 2006; Wrobel
et al., 2000; Shen and Chen, 2008). Nevertheless, one of the
drawbacks of these methods is that the sample preparation is
somewhat complex as far as solid samples are concerned. In-
deed, the solid sample requires an extra-preparation step
involving chemical reagents, with risk of incomplete dissolu-
tion, contamination and losses. Neutron activation analysis
technique, which mainly deals with solid samples, can avoid
these problems. Combination of neutron-induced prompt
gamma-ray analysis (PGA) and delayed gamma-ray analysis,
commonly known as instrumental neutron activation analysis
(INAA), can be used for non-destructive multi-element deter-
mination of tea samples with minimal sample preparation. In
this context, the aim of this work is to characterize some com-
mercially available Japanese green teas in terms of elemental
compositions. By exploring the nondestructive analytical
advantages of PGA and INAA, instead of analyzing the tea
infusion itself, the solid tea leaves were analyzed before and
after infusion to determine the release rate of the elements dur-
ing infusion.2. Experimental
2.1. Sample and standard preparation
This pilot study is the ﬁrst trial of the application of PGA to
tea samples. In this study, six brands of commercially avail-
able green teas were purchased from local markets for anal-
ysis. The tea brands are Ito-en (hoji cha), Ito-en (ryoku
cha), Okukuji (Ibaraki), Shizuoka, Uji, and Yame. Ito-en
(hoji cha) is a roasted (brown) tea and the rest are normal
green teas. Among the six brands, the last four brands are
cultivated across the Japanese Islands shown in Fig. 1 (num-
bering serially 3–6), encompassing the area from the northern
tea producing area, Ibaraki, to the southern tea producingarea, Fukuoka (Yame) of Japan. Based on the price and pro-
portion of sprigs (small pieces of tea plants with leaves) to tea
leaves, the ﬁrst two brands can be considered as low quality
tea and rest of the four brands as high quality tea. Two sets
of samples were prepared; one set was used without infusion
and another set was used for infusion of the tea leaves. For
non-infusion-samples, tea leaves were dried at 50C overnight
and ground into powder. Powder samples were used for PGA
and INAA. For PGA, about 200 mg of each powder sample
was made into pellets (10 mm U) and packed into FEP (ﬂuo-
rinated ethylene propylene) ﬁlm bags. For INAA, about
50 mg of each sample was packed into double polyethylene
ﬁlm bags and heat-sealed. For preparing the after-infusion-
samples, 2 gm of each sample was poured into 200 mL of
boiling deionized water. The resulting infusion was stirred
with a glass rod for about 30 s to ensure proper wetting, cov-
ered and steeped for 5.5 more minutes, yielding a total of
6 min infusion. For the preparation of Japanese green tea,
it is generally infused with hot water for around 6 min.
Therefore, totally 6 min infusion time was set for this exper-
iment. Leached tea leaves were separated from hot water and
evaporated to dryness in an oven and ground into powder for
PGA and INAA. Analytical grade chemical reagents oxalic
acid di-hydrate, B, NH4Cl and S were heat-sealed into FEP
ﬁlm bags and used as comparators for the determination of
H, B, Cl and S, respectively, for PGA. For preparing B stan-
dard, B standard solution was evaporated onto a ﬁlter paper
and then heat-sealed into FEP ﬁlm bag. For INAA, the Na-
tional Institute for Environmental Studies (NIES) certiﬁed
reference material No-7 (Tea leaves) and the Geological Sur-
vey of Japan (GSJ) certiﬁed reference material JB-1 were used
as standard reference materials.
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2.2.1. PGA
Neutron irradiations of the samples and reagent standards
were done for 2.0–3.5 h and 15–30 min, respectively, by using
guided thermal neutrons (ﬂux: 2.4 · 107 n cm2 s1) of the
JRR-3M research reactor at the Japan Atomic Energy Agency
(JAEA). The detailed PGA analysis procedure was described
in our previous work (Islam et al., 2011a,b). The sealed disk
samples of tea leaves were mounted on a sample holder using
a PTFE string. Neutron beams were collimated to the size of
20 mm · 20 mm at the entrance of the sample holder box,
which was ﬁlled with He gas to reduce the background caused
by atmospheric N. The sample to detector distance was
24.5 cm. Prompt gamma-ray was measured by a Ge detector
(relative counting efﬁciency 23.5%) surrounded by a BGO
Compton suppressor and coupled with a 16 k channel pulse-
height analyzer (Yonezawa et al., 1993). Prompt gamma-ray
intensities measured on different days were normalized to an
average count-rate of the 341.7 keV and 1381.7 keV gamma
rays of Ti, which was routinely measured with the PGA system
to monitor the neutron ﬂux ﬂuctuation.
2.2.2. INAA
In INAA, both short and long irradiations were performed in
order to determine various radionuclides with different half-
lives. In short irradiation, samples and reference standards
were irradiated for 10 s with the pneumatic transfer system
(PN-3; neutron ﬂux: 1.5 · 1013 n cm2 s1) of JRR-3M. Irradi-
ated samples were counted for 5–25 min with subsequent cool-
ing of 2.5–800 min using a high resolution HPGe detector at
JAEA. For long irradiation, samples and standards were irra-
diated for 20 min in the S-pipe (neutron ﬂux:
4.0 · 1013 n cm2 s1) of the JRR-4 research reactor at JAEA.
After a cooling time ranging from 6 to 60 days, samples were
counted for about 1–3 h for long-lived radionuclides. Before
counting, an outer polyethylene bag of each sample and stan-
dard was replaced with a new one to avoid radioactive
contamination.
3. Results and discussion
3.1. PGA of H, B, Cl and S
Hydrogen, B, Cl and S were successfully determined in the tea
samples by PGA. Due to the nondestructive nature and easy
sample preparation in PGA, these volatile elements can be
determined reliably by avoiding contamination and loss during
sample preparation, which may occur in destructive analysis.
In PGA, because of the Doppler broadening of the
477.6 keV gamma-ray peak of B emitted by the reaction of
10B(n,ac)7Li, several coexisting elements may interfere on the
B peak. The major interfering elements, conﬁrmed by irradiat-
ing several possible reagent standards, are Na (472 keV), Si
(476 keV), Cl (468 keV), Mn (476 keV), Co (484 keV) and Ni
(483 keV). Although all the above mentioned elements show
spectral interference to B, only 472 keV peak of Na and
468 keV peak of Cl show serious interference on the B peak
as Na and Cl contents are relatively higher compared to other
interfering elements in the tea samples. Assuming that the Bpeak is symmetric with respect to the peak center correspond-
ing to 477.6 keV, and that no overlapping with the Na peak oc-
curs in the high-energy half side of the B peak, the net area of
the B peak was calculated by doubling the net count of the half
peak at the high-energy side. This method of spectrum analysis
avoids the interference of Na and Cl on the B peak at the low-
energy half side of the tea samples. The average H content of
the tea leaves determined by PGA was 6.67%. Although the
matrix H may cause a serious problem of sensitivity enhance-
ments in biological samples based on sample geometry and
matrix H contents in the thermal neutron beam PGA (Mackey
et al., 1992), such an effect becomes rather small for PGA with
the guided neutron beam PGA, especially for the PGA system
at JAEA (Yonezawa and Wood, 1995; Islam et al., 2011b).
Sulfur content in the samples was determined by using the
840.9 keV prompt gamma-ray peak. Chlorine content in tea
samples could be determined by both PGA and INAA. There
was good consistency between the Cl data obtained by both
PGA and INAA. In this study, Cl content determined by
PGA is reported.
3.2. Elemental composition of the tea leaves
The elemental compositions of the tea samples were deter-
mined by the comparison method using chemical reagent stan-
dards for PGA and a reference sample, NIES-7 for INAA as
reference standards. The quality of the data obtained was eval-
uated by measuring elemental contents of NIES-7 relative to
those of chemical reagents and GSJ-JB-1. The analytical re-
sults for single measurement and prompt and delayed gam-
ma-ray energies used for elemental determinations are given
in Table 1. The deviations of the measured values of this study
from certiﬁed ones are also given in Table 1. Uncertainties
associated with the determined values are due to counting sta-
tistics (1r). Since counting statistics mainly control the total
uncertainty in NAA, it was reported with concentration val-
ues. However, in addition to this reported uncertainty, there
was commonly 3% uncertainty (estimated in our analysis)
was also associated with the reported values which included
sample and standard preparation, irradiation, positioning in
the detector, pulse-pileup losses and peak integration. It is ob-
served that all the determined values in this study are in good
agreement with certiﬁed or literature values except for Sc (Ta-
ble 1). The Sc value of NIES-7 is the only indicative value. As
Sc is one of such elements having high sensitivity in INAA, we
are conﬁdent with our lower value than the NIES value.
The elemental compositions of the green tea leaves are pre-
sented in Table 2. As shown in this table, a total of 18 elements
were determined by both PGA and INAA, among which H, K,
Ca, S, Mg, Cl, Mn and Al contents range from 74400 to
304 lg/g. These elements were reported to be present in rela-
tively large amounts in green and black teas of different coun-
tries (Gallaher et al., 2006; Natesan and Ranganathan, 1990;
Giulian et al., 2007; Salahinejad and Aﬂaki, 2010). Iron, Na,
B, Zn and Rb are present in the range of 58 to 3 lg/g, while
La, Co, Cs and Sc contents are below 0.408 lg/g. Although
the tea samples analyzed in this study cover wide ranges of
tea producing zones of Japan and the quality of leaves, elemen-
tal content are surprisingly similar, giving a credit for develop-
ing the general discussion in terms of elemental content in tea
leaves produced in Japan. Among the six tea samples, Ito-en
Table 2 Elemental contents (lg/g) of six Japanese green teas determined by PGA and INAA.
Elements Energy (keV)b Ito-en Hoji cha Ito-en Ryoku cha Okukuji, Ibaraki Shizuoka Uji Yame
Ha 2223 66200 ± 1500 65400 ± 1500 68300 ± 1500 61600 ± 1400 74400 ± 1700 64200 ± 1400
K 1525 15400 ± 400 16000 ± 400 18100 ± 400 19400 ± 500 21900 ± 500 21200 ± 500
Ca 3084 4840 ± 270 4520 ± 240 2360 ± 150 2320 ± 150 2890 ± 170 3460 ± 190
Sa 841 4660 ± 170 5560 ± 120 5350 ± 210 6130 ± 180 8160 ± 260 6740 ± 210
Mg 1014 2660 ± 131 2760 ± 129 2050 ± 102 2050 ± 101 1750 ± 88 2250 ± 107
Cla 1165 1050 ± 31 953 ± 29 868 ± 34 560 ± 26 1110 ± 61 788 ± 36
Mn 1811 965 ± 18 770 ± 15 528 ± 11 532 ± 11 625 ± 13 825 ± 16
Al 1779 969 ± 8 1100 ± 7 304 ± 3 304 ± 3 410 ± 3 552 ± 4
Fe 1099 89.1 ± 12.0 105 ± 13 70.0 ± 10.6 57.8 ± 9.8 76.2 ± 11.1 89.5 ± 12.1
Na 1368 30.9 ± 2.3 53.6 ± 3.6 13.8 ± 1.2 6.93 ± 0.72 5.16 ± 0.59 25.0 ± 1.9
Ba 478 19.4 ± 0.3 19.7 ± 0.3 13.4 ± 0.3 11.9 ± 0.2 14.2 ± 0.4 15.4 ± 0.3
Zn 1115 14.7 ± 0.9 17.2 ± 1.0 23.4 ± 1.2 22.9 ± 1.2 26.4 ± 1.2 24.0 ± 1.2
Rb 1077 13.7 ± 1.5 15.8 ± 1.6 15.4 ± 1.5 13.2 ± 1.4 23.9 ± 1.9 24.7 ± 2.0
Br 554 4.44 ± 0.33 4.05 ± 0.30 2.79 ± 0.22 2.78 ± 0.22 3.40 ± 0.26 3.79 ± 0.29
La 487 0.250 ± 0.020 0.106 ± 0.013 0.109 ± 0.013 0.051 ± 0.009 0.408 ± 0.027 0.198 ± 0.019
Co 1332 0.089 ± 0.015 0.094 ± 0.015 0.122 ± 0.017 0.116 ± 0.018 0.202 ± 0.023 0.131 ± 0.018
Cs 796 0.049 ± 0.009 0.117 ± 0.013 0.046 ± 0.008 0.022 ± 0.006 0.065 ± 0.010 0.222 ± 0.019
Sc 889 0.0201 ± 0.0016 0.0157 ± 0.0014 0.007 ± 0.0009 0.0043 ± 0.0007 0.0147 ± 0.0013 0.0163 ± 0.0014
a Determined by PGA and the rest of the elements by INAA.
b Prompt and delayed gamma-ray energies used for the elemental quantiﬁcation (Nuclide Navigator, 1996); uncertainties are due to counting
statistics (1r).
Table 1 Analytical results of the elemental contents of NIES-7 (tea leaves) determined by PGA and INAA by using H, S, Cl and B
reagents and rest of the elements by GSJ-JB-1.
Elements Gamma-ray energy (keV)b This study (lg/g) Certiﬁed value (lg/g)c Deviation (%)
Ha 2223 67164 ± 1509 – –
K 1525 17298 ± 462 18600 ± 700 7.0
Ca 3084 3600 ± 181 3200 ± 120 12.5
Sa 841 5920 ± 230 – –
Mg 1014 1655 ± 79 1530 ± 60 8.2
Mn 1811 632 ± 14.8 700 ± 25 9.7
Al 1779 760 ± 5 775 ± 20 1.9
Fe 1099 85.0 ± 11.9 98.0 ± 7d 13.3
Na 1368 16.4 ± 1.33 15.5 ± 1.5 5.8
Cla 1165 825 ± 36 790 ± 50d 4.4
Br 554 2.45 ± 0.196 2.50 ± 0.1d 2.0
478 13.1 ± 0.3 13.0 ± 4.0e 1.0
Zn 1115 28.8 ± 1.18 33 ± 3 12.7
Rb 1077 6.8 ± 1.05 6.59 ± 0.01e 3.2
La 487 0.0748 ± 0.0109 0.068 ± 0.002e 10.0
Co 1332 0.128 ± 0.018 (0.120) 6.6
Cs 796 0.023 ± 0.0060 (0.022) 4.5
Sc 889 0.0086 ± 0.0013 (0.011) 21.8
a Determined by PGA and rest of the elements determined by INAA; Uncertainties with this study values’ are due to counting statistics (1r).
b Gamma-ray energies used for the elemental quantiﬁcation (Nuclide Navigator, 1996).
c Data from NIES-7 certiﬁed values (values in parentheses are indicative values only).
d Suzuki et al. (1986).
e Katsuki et al. (1998).
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compared with other four samples and show apparently lower
contents of K and Zn than those for high quality teas (Table 2).
On the contrary, these low- priced teas contain higher contents
of the elements such as Ca, Mg and Al (Table 2). Considering
that these low quality teas contain a relatively higher propor-
tion of sprigs than that in high quality tea, some content of
Ca, Mg and Al in low-priced teas may be contributed by the
sprigs of tea plants (Natesan and Ranganathan, 1990).3.3. Extraction of the elements in hot water infusion
In general, mineral availability in the tea infusion depends on
the amount of minerals present in the tea leaves, solubility of
the elements and time allowed for the infusion process. In this
study, tea infusion residues were also analyzed to evaluate the
extraction efﬁciencies of the elements by infusion. Fig. 2 shows
the relative percentages of each element removed from the tea
samples for high quality and low quality teas with a 6 min hot
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Figure 2 Extraction efﬁciencies of the elements for low quality
and high quality tea samples with a 6 min hot water infusion
process. Propagated uncertainties shown are due to counting
statistics.
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the tea leaves before and after infusion are used for extraction
efﬁciency calculation. Uncertainties associated with extraction
efﬁciencies in Fig. 2 are propagated errors due to counting sta-
tistics. Although Sc content was determined in tea samples be-
fore infusion, it could not be determined after infusion because
of the very low concentration in the infusion residue. As shown
in Fig. 2, extraction efﬁciencies for low quality and high
quality teas are similar within the uncertainty except for B
and Zn. Among the 16 elements concerned, Cl, Br, K, Rb,
Co, Cs and Na were observed to be effectively infused in hot
water and especially, Cl, Br and K were mostly carried away
with water. Based on the extraction efﬁciency of the elements
in infusion, analyte elements are sometimes classiﬁed into three
groups (Matsuura et al., 2001). According to such criteria, the
studied elements are categorized as follows;
(i) Highly extractable elements (>55%):Cl;Br;K;Rb;Cs;Na(i) Moderately extractable elements (20–55%):Co; S;Zn(i) Poorly extractable elements (<20%):Mg;Mn;Fe;La;B;Al;CaThe common chemical properties of the highly extractable ele-
ments are highly or quite ionic. Thus, it may be stated that
these ionic elements are highly extractable from green tea
leaves. In fact, Cl and K were reported to be present in tea
leaves in soluble forms (Giulian et al., 2007). We observed
higher contents of Ca and Al in infusion residues comparedwith those in the initial green tea leaves, as shown by negative
extraction efﬁciencies in Fig. 2. This could be explained in
terms of the inhomogeneity of these elements in tea leaves
and/or contamination of the water used for infusion, although
deionized water was used throughout this study. It has been re-
ported that the mature tea leaves and sprigs contain more Al
and Ca than the buds (Wong et al., 1998; Matsumoto et al.,
1976). Considering that Ca and Al were hardly extracted (less
than 10%) in hot water infusion of tea leaves and that some of
these elements are contributed by tea plant sprigs mixed with
tea leaves as discussed in the preceding section, inhomogeneity
of tea leaves caused by different proportions of leaves and
sprigs may lead to different proportions of Ca and Al in differ-
ent batches of tea leaves used in preparing samples before- and
after-infusion.
Although Japanese green teas contain high content of K
and high extraction efﬁciency in infusion, this study suggests
that seven cups (250 mL each cup) of infusion still would be
required to provide 10% of the Daily Value (2000 mg/day)
(FDA, 1999). It should be noted that deionized water was used
in this study. Since tea infusion is generally not prepared by
deionized water, sources of water have the potential to increase
the mineral contents of the tea infusion. The contents of Na
and K in tap water may be of interest, particularly if a person
is drinking multiples cups of tea per day. Considering the
nutritional importance, special attention is given to Mn and
Mg availability in tea infusion. Previous study (Natesan and
Ranganathan, 1990) reported that extraction efﬁciencies of
Mg and Mn in green tea infusion are around 30%, in this
study, however, their extraction rates are below 20% as shown
in Fig. 2. The amount of an element extracted into the tea infu-
sion depends principally on how strongly the element is bound
to the matrix and whether it is soluble in the solution employed
(Costa et al., 2002). Future research on the extraction efﬁ-
ciency may extend to examine the dependence of the solubility
of minerals on pH and extraction time to better explain the
wide variability in extraction efﬁciencies seen in this study.
Aluminum content in tea infusion is of great concern for renal
failure patients and for its relation to Alzheimer’s disease
(McLachlan, 1995). Although Japanese green tea, especially
low quality tea, contains relatively high contents of Al, no spe-
cial attention needs to be paid in consideration of its poor
extraction efﬁciency in infusion.
4. Conclusions
Elemental compositions of Japanese green tea leaves were
determined using the combination of PGA and INAA. Con-
sidering the nondestructive, multi-elemental capability and
the minimal sample preparation of tea leaf samples, these
techniques can be easily used to determine the elemental com-
positions of tea leaves. Totally 18 elements were determined
at different concentration levels (from 7.4% of H to 7.1 ng/
g of Sc), representing approximately about 10% of the total
mass present in the tea leaf samples. The comparison of ele-
mental concentrations of the tea leaves before and after infu-
sion shows that Cl, Br, K, Rb, Cs Na and Co are highly
extracted in the infusion and, therefore, drunk by the con-
sumer. However, the green tea infusion cannot be a sufﬁcient
source for any mineral to meet its dietary reference intake per
day.
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